Abstract
Introduction
The Fretting fatigue was observed in many industrial mechanical components such as bolted joints, blade disc attachment in turbine, wire ropes, and shrink-fitted shafts. Among these applications, bolted joints are mechanical fasteners that are widely used in engineering structural, such as vehicles and air-planes since they have longer fatigue lifetime than welded, riveted and pinned joints [1] . Furthermore, the location of each fastener hole is inherently a localized stress concentration and a potential source for fatigue crack initiation and propagation under cyclic loading [2] . Therefore, many studies have focused on the fatigue and fretting fatigue behavour of bolted joints. The group of Chakherlou applied both experiments and FEA to study the parameters affecting the fatigue lifetime of DBLJ, such as coefficient of friction, clamping force [3] and interference fit between the hole and bolt [4] . Recently, the same group estimated the fatigue life of DBLJ by six different multi-axial fatigue criteria and found that Crossland's criterion had the best accuracy for all specimens [5] .
Since the early work on the fretting phenomenon directed by Eden et al. [6] , substantial enhancements were realised on this phenomenon tests and standardization, experimental observations, damage mechanisms, modelling, industrial case studies, and on the use of coatings or lubrication to minimize interface the fretting phenomenon [3, 7, 8] .
The normal load of contact and relative displacement are key factors that control the fretting wear or fretting fatigue. The fretting also occurs at the contact interface of the joint part due to relative repeated motion [9, 10] . To ensure good contact reliability and improve performance, it is necessary to study the distribution of forces on the contact area and the stress field produced by them [11, 12] . This area is very sensitive to repeated stresses that lead to crack initiation due to the high stress concentration at the edge of the hole [13, 14] .
In study conducted by Juoksukangas et al. [15] , the effect of the contact edge geometry on fretting fatigue behavior of a complete contact was studied with quenched and tempered steel and using a 2D elasto-plastic finite element model of the contact configuration to calculate cracking risks for complete and almost complete contact geometries. Others research have shown the effect of contact forces numerically and experimentally. The effect of contact forces on the fretting fatigue behavior of bolted plates with 5086H24 Al-alloy was investigated by Benhamena et al. [16] . Fretting fatigue experiments and numerical simulation with FEM have shown that the sites of crack initiation change from the edge of the central hole to close the border of contact and the fretting fatigue life increases in increasing of contact forces. In others study conducted by Benhamena et al. [17] , a three-dimensional finite element model was developed to predict the mechanical behavior of bolted joints. The effect of clamping torque on fatigue behavior and failure mode was investigated in bolted assemblies. Numerical results were validate experimentally and shown that the magnitude of the clamping torque and the level of cyclic loading determine the mode failure of bolted assemblies. In recent investigation, Juoksukangas et al. [18] have studied numerically and experimentally the effect of different operating and design parameters of a single bolted joint on fretting fatigue life. Results shown that the fretting fatigue life decreased when increasing the bulk stress and also when increasing the preload.
In this paper, the position of the stress concentration, and stresses caused the initiation and propagation of cracks under fatigue fretting are investigated [19] [20] [21] . Additionally, the damaged fretting area [22] is detected through deformations and displacements fields using numerical modelling.
Finite element modelling
According to the dimensions of the structure, a three dimensional model was generated using the commercial software ANSYS (ANSYS 14) in order to determine and to perform the analyses of stress field at contact zone.
Material
The material used for modeling the component flat of double lap joint is Aluminum alloy 7075-T6. There proprieties are taking from Military Handbook 5H [23] ( Table 1 The behaviour of the materials (Aluminum alloy: 7075-T6) used in this study were assumed to follow a Ramberg-Osgood law:
Geometry of the model
The Figure 1 presents the geometry of the bolted assembly considered to this numerical analysis. [24] Fig. 1 The double lap joint Geometry of Aluminium alloy 7075-T6 [21] In this modeling the fasteners (screw, nut counter-nut discs), are regarded as rigid bodies in the finite element model. Figure 2 shows the boundary conditions and the conditions of loading in statics.
A three-dimensional brick elements (SOLID45) is used for modeling of bolted assembly, this element is defined by eight nodes and each having three degrees of freedom. In addition, a surface-to-surface contact element, which consists of contact elements (CONTAC173) and target surface elements (TARGE169), is used on the interfaces between all connected parts of bolted assembly in order to simulate numerically the contact problems.
Friction between the contact surfaces at the connection is modeled using the classical Coulomb model, where the friction coefficient was set at 0.2. The theory of incremental plasticity is introduced to modelling the material nonlinearity (elasto-plastic analysis). The iterative method of Newton-Raphson is used as an approach to solve nonlinear equations by finite elements.
The details of the finite elements model and the bolted assembly mesh are represented on Fig. 3 . 
Quantity of tightening torque
The method used in this modeling to carry out the tightening torque is the method of the turn of nut. This method is based on a predetermined rotation of the nut [24] The tightening can be achieved in two ways as follows:
• The bolt is first made "hand tight" and then turned further by a specified amount. The contact surfaces must fit snugly before the bolts are tightened.
• Using a percussion wrench, the bolt is first tightened until the plies of the joint achieve a snug fit (when the percussion wrench goes over to hammering), after which the nut is further turned by the amount:
θ is rotation in degrees. t is the total thickness of plates assembled in "mm". d is the diameter of the bolt in "mm".
The purpose of this method is to rotate the nut sufficiently to take the bolt well into the plastic state ( See Fig. 4 ). The shank tension is then comparatively insensitive to variation in the nut rotation, while a large reserve exists before rupture occurs.
It should be remembered that the ductility of the bolt largely depends on the length of the threaded portion. Care must be taken with short bolts which have only a small amount of thread in the grip (5 threads is a minimum).
A detailed analysis was carried out for each stress component between the hole and the contact area edges in the numerical model in order to analyze the combined effect of the tightening torque, and the cyclic load on the distribution of the stress field and to locate correctly the place of crack initiation in the contact area (Fig. 4) .
The stress filed analysis
The polar coordinate is chosen for the simulation, in order to well define the various positions and orientations in the zone of contact, which are presented in We notice that the value of this stress σ von Mises = 269.31 MPa is constant, and that the distribution is identical on all the surface of the contact area, therefore it is not localized in a defined position between the hole edge and the contact area edge. These results cannot precisely predict the position of the beginning. Consequently, the results can find the value of the stress to localize the place of the crack initiation in the contact area.A detailed analysis was carried out for each stress component between the hole and the contact area edges in the numerical model in order to analyze the combined effect of the tightening torque θ = 106.6°, and the cyclic load (F=12kN) on the distribution of the stress field and to locate correctly the place of crack initiation in the contact area. (See Fig. 7, 8, 9 , 10, 11 and 12). From the Fig. 7, 8, 9, 10, 11 and 12 , we see that the sign of all the components of stress according to the ray (σ xx ; σ yy ; σ zz ; σ xy ; σ yz ; σ xz ) raised between the hole edge and the contact area edge is positive. The stresses (σ yy ; σ zz ; σ xy ; σ yz ) takes a constant values σ yy = 100 MPa; σ zz = 219.23 MPa; σ xy = 200 MPa and σ yz = 95 MPa whatever is the ray value.
At the hole edge r = 2.5mm, the stress σ xx takes minimal value σ xx = 282 MPa and increases up to a maximal value at σ xx = 288.87 MPa at r = 7.5mm, then σ xx decreases in a symmetrical way to its minimal value = 279.5 MPa at the contact area r =12.5mm. In an opposite way σ xz takes a maximal value σ xz =247 MPa at the hole edge r = 2.5 mm and decrease to at r =7.5mm. Then it increase up to take a maximal value σ xz =248 MPa at the contact area edge r = 12.5 mm.
Iso-value of Stress distribution in the contact area
The first observation from the reading of these graphs (Figs. 13, 14, 15, 16 and 17) indicates that the sign of all the stresses according to the angle (σ xx ; σ yy ; σ xy ; σ yz ; σ xz ) found between the hole edge and the contact area edge is positive. Each stress (σ yy ; σ zz ; σ xy ; σ yz ) is constant whatever 0 ≤ θ ≤ 360° and the stresses (σ xx ; σ xz ) are varied in function of the angle. In the position θ = 178.81° @ 180° , the normal stress σ xx takes a maximum value σ xx =288.87 MPa then decreases continuously until it reaches its minimum value σ xx =279.43 MPa to a position defined by θ = 0° . However, the shear stress σ xz takes a minimum value = 247 MPa for θ = 178.81° @ 180° and increases continuously up to the maximum value σ xz = 248 MPa for θ = 0° . We can notice that the stress field according to the direction of the cyclic load takes a significant value.
According to the direction of the tightening torque, stress takes a value σ zz = 219.23 MPa.
We can conclude that the mechanism of crack starting and propagation is controlled by the component of the constraint in relation to the direction of the cyclic load.
In view of the stress concentration phenomenon in mechanics, the node which corresponds to a defined position, by the angle θ = 178.81° @ 180° is more dangerous in the contact area because the stress component, which starts the crack initiation and the propagation of fretting fatigue in the flat, reaches its maximum value. This conclusion will be the first to be broken if a critical load is reached. In simulation, we notice that the stress concentration belongs to the contact area located at a ray r ≤ 12.5 mm. For more precision of the determination of the ray corresponding to this zone, it is necessary to analyse the distribution of the stresses between the hole edge and the contact area edge for a ray r ≤ 12.5 mm Consequently, the node, which corresponds to a position defined by the angle r = 7.5 mm is more dangerous in the contact area. This position corresponds to the preceding position θ = 178.81° @ 180° by the projection with the modelling geometry. We find that this position corresponds to a tilted plan of θ = 90° angle compared to the application plan of the cyclic load.
Finally, we found that the exactly position of crack initiation is (r =7.5 mm; θ =90°), this results shows a good agreement between simulation and the experimentation according to the experimental work [24] (Fig. 18) . Fig. 18 Experimental results obtained by [24] 
Conclusion
The numerical simulation carried out in 3D, makes it possible to describe the real behaviour of a bolted assembly in fretting fatigue. The obtained results show that the tightening torque has an important role in load transfer.
The stress field distribution is affected by several parameters that can be summarized below:
• Technological parameters related to the design.
• Numerical parameters represented by the number of elements and the step of the computing time.
• The parts with strong stress concentrations of Von-Mises are generally found in the fasteners and the tracks of friction, causing mechanical phenomena (cracks, wear, rupture… etc).
• The torque intensity causes an increase of Von Mises stresses equivalent and increase of shear stresses, and an increase of normal stresses in the plates.
• The Von Mises stresses of the plates notably increase when aspect cyclic load and torque are coupled.
• The location of the crack initiation will be transferred to the edge the contact area in an inclined plane of an angle α = 90 ° from the sliding direction.
